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φ 6 polymerase conformation: RNA packaging portal stability. 
Abstract 
 
 Bacteriophage phi 6 is a member of the Cystoviridae family of double-stranded RNA 
genome consisting of three segments (small+, medium+ and large+), which are packaged 
within polymerase complex (PX), composed of four viral proteins P1, P2, P4 and P7. 
The PX consists of proteins P1 which forms the dodecahedral framework of the PX.  P2 (an 
RNA-dependent RNApolymerase), essential function is for replication and transcription. P4 
is a hexameric NTPase produces energy through the ATP hydrolysis for RNA packaging.  P7 
is a stabilizing protein which aids the packaging. Packaging is energy dependent process 
requiring a P4 protein.  In order to elucidate if occupancy of P4 is important for viral 
packaging in phi 6, how is P4 held in place prior to assembly PX matrix and how occupancy 
changes by expansion of the capsid, we constructed a stable polymerase complex (PX) 
containing the viral proteins P1, P2, P4 and P7.  In the past it has been proposed that 
procapsid expansion and packaging are linked together, with each stage in expansion 
presenting a binding site for a particular RNA segment.  In order to investigate it’s 
occupancy of P4 in the procapsid, we induced expansion by acidification and analyzed 
expanded and unexpanded procapsid.   The observation of P4 in procapsid in the two states 
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(PH 6.5 and PH 8.0) supported by the image analysis of SDS-PAGE and cryo-electron 
microscopy that P4 NTPase looses associated with the PC. 
 
Introduction 
 The Cystoviruse family is important group of viruses that became a great utility in 
the study of Virology (3-10).  Bacteriophage phi 6, was the first in the genus cystovirus to 
be discovered, phi 6 was first isolated from bean straw by Vidaver et al  and infested with 
Pseudomonas syringae pv. Phaseolicola (Vidaver, et al., 1973).   Until 1999, all research 
investigated phi 6 and as a result of the genetic sequence analysis, cystovirus was isolated 
in two major groups in which 7,9,10  and 11 were characterized to be closely related to phi 
6; while  8, 12 and 13 were most distantly related to phi 6 (Mindich et al., 1999). The 
isolated bacteriophages were unable to infect the normal (wild type) Pseudomonas syringae 
but were able to infect a mutant strain of P.syringae lacking type IV pili (LM2333), as well 
as a rough strain of P. syringae (Ro49da1).   
Virion structure and Replication Mechanism:  
 The cystoviruses, including Bacteriophage phi 6 are unique group of viruses which 
have a double stranded RNA (dsRNA) genome consisting of three segments (Semancik J 
S.,1973).  This research mainly concentrates on Bacteriophage φ 6, which as all the 
cystoviridae, seems very closely related to the species of the Reoviridae than it is to most of 
the bacteriophages. The Reoviridae genome contains 10 to 12 segments of dsRNA (Tyler K 
L, 1990) as opposed to three segments in cystoviruses. Two virus families dsRNAs are 
packaged, replicated and transcribed within a procapsid which is covered by a shell of 
protein P8 (of ~1500 copies of P8) (Figure 1A-C). The particle was originally referred to as 
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the Procapsid or PC, but it is now referred to as the polymerase complex (PX). The two 
groups also share a similar structural feature in that the inner core (core-PX) of the 
Reoviridae and phi 6 contain 120 copies of the major structural capsid protein (de 
Haas,)(Figure 1D). The PX particles of the cystoviruses consist of 4 proteins: P1,P2, P4 and 
P7 (Mindich, 1988). The inner dodecahedral shell (PX) made of 60 asymmetric dimers of 
protein P1 to make up framework for viral proteins of the PX and responsible for genomic 
replication and transcription (Qiao X., 2003). P2 is a monomer has been shown to be the 
RNAdependent RNA polymerase (RdRPs) to initiate and elongate the replication and 
production of dsRNA (Makeyev and Bamford, 2000). P4 is an NTPase, it is one of the 
structural proteins of the polyhedral procapsid, which is responsible for dsRNA replication 
and transcription. P4 is a hexamers assembled on each of the 12 5 fold axis on the PX, 
which is bound independently to P1 (Gottlieb et al., 1994). P7 is an asymmetric component 
of the procapsid located at the portal 5 fold axis surrounding the P4 NTPase( H.Wei,2009). 
P7 monomer has been referred to stabilize RNA packaging, enhance the rate of PX 
formation (P.Gottlieb,1994) and replication (Juuti and Bamford, 1997), and is seen to 
accelerate PX assembly (Poranen et al, 2001). It has been analyzed that P7 mechanically 
stabilizes and hold P2 on the inner protein P1 shell during RNA packaging and replication 
(A.Katz,2012).  The procapsid is covered by a shell composed with the outer surface single 
protein, P8 trimers, to form the nucleocapsid (Butcher S J,1997). The nucleocapsid is 
enveloped by a phospholipidi-containing membrane, which composed of proteins P9, P10, 
P6, P3, and P13 (Figure 1A-C).  
P5 protein located within the NC; it is murein peptide of the lipid-containing bacteriophage 
phi 6 required for lysis of the host cell wall and viral  entry and exit(Caldentey J. ,1992).  P3 
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protein is necessary for the adsorption cell-attachment protein, which forms spikes on the 
outer surface of the lipid envelope. P12 a nonstructural protein, necessary for the 
envelopment of the phi 6 NC with the viral lipids (Mindich, 1988). P9 is a membrane 
proteins associated in the membrane assembly .P10 membrane-associated protein 
required for lysis, and destabilization of the host cell membrane. P10 constitutes the lysis 
cassette together with P5 (the murein peptidase) (Mindich, 1988). 
 
Life Cycle 
 The φ6 replication program begins with attachment to its Gram-negative host cell  
P. syringae (Figure 2),  multimeric P3 complex adsorbs first to a type IV pilus (Roine 
E,1996). Following the pilus retraction, P6 fuses the viral membrane with the outer 
membrane of the host (Bamford D H,1987). The phage NC enters the periplasmic space of 
the host cell (Bamford et al., 1976; Bamford and Louatmaa, 1978; Bamford et al., 1987). 
Protein P5 is a phage specific lytic enzyme localized on the outside of the nucleocapsid 
digests the peptidoglycan cell wall ( Bamford et al.,1976) allowing the NC to come in 
contact with the cytoplasmic membrane.  Whereupon the membrane interaction, the 
nucleocapsid shell of protein P8 is removed, leaving the transcriptionally active PX to begin 
transcribe copies of the three genomic segments (ds RNA) via a semi-conservative 
mechanism. Transcription in phi 6 results in plus sense strands of all ds RNA (Hay A 
J,1971). For the Reoviridae, transcription is fully conservative mechanism in that the new 
strand is extruded from the core (Hay A J,1971).  
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 In the early infection stage when Phi 6 penetrated its host cell, the initial RNA 
synthesis primarily restricted to plus strands (+s,+m,+l) are transcribed in similar amount 
(figure 3), however  only the L genome segment is actively translated, and assembled into 
procapsid (PX) with the RNA-dependent RNA polymerase, P2 (Mindich,1988). The cores of 
the Cystoviridae, Reoviridae are unique but yet similar in their structure and machinery of 
transcription. Both of them have 120 molecules of the major structural protein of the core 
particle. All have polymerase (RdRPs) molecules inside the cores, with the polymerases 
under the control of the core structure.  Phi6 initially produce mainly plus-sense RNA 
copies.  Later in infection, the plus ssRNA strands of segments M and S are transcribed, 
translated, and packaged into the procapsids in order: medium then small. The filled 
capsids are then assembled around the procapsid with the nucleocapsid protein P8. P12 
assembles the viral membrane proteins to envelope the nucleocapsid of the bacteriophage 
phi 6 using a mechanism that is not yet understood. Multimeric P3 spikes are then 
assembled onto particle. The lytic enzyme, P5 gets situated between the P8 nucleocapsid 
shell and the viral envelope to degrade the host cell wall.  When high level of P5 and P10 
(membrane disorganizer) are activated the cytosol of the host cell bursts by disrupting the 








 The phi 6 nucleocapsid shell is composed of 200 P8 trimers in a T=13 (T for 
triangulation number) icosahedral lattice symmetry that cover the PX (Caspar and Klug 
1962).  The NC of the phi 6 virus has structural similarities to the members of the 
Reoviridae family and also in the RNA genome. In both of these similar viruses, the lattice is 
not fully covered with that protein. The nucleocapsid is enveloped by a lipid membrane 
composed of the host cell cytoplasmic membrane (figure 5).  NC consists of multilayers 
with facet to facet (545A) and edge to edge distances (555 A) (Bucher et,al.2006). Mature 
phi 6 virions are usually 45 to 50 nm in diameter. A non symmetric P1 dimers organize as 
an inner T = 1 shell, and P8 trimers organize as an outer T = 13 lattice shell. The phi 6 
nucleocapsid consists of a single polypeptide protein (P1). Two other proteins (P2 and P4) 
were associated with the P1 polypeptide protein. The stability of the nucleocapsid surface 
symmetry composed of surface protein P8. 
PX structure and packaging: 
 Inside the membrane envelope of cystoviridae and reoviridae family (no envelope), 
a polymerase complex (PX) shares very similar construction with 120 copies of organizer 
protein ( P1 in the cystoviruses and monomers in the reoviruses) arranged within the 
icohedral core (P.P.Mertens,2004). The PX forms an inner shell and consists of P1, P2, P4, 
and P7 protein elements arranged in a dodecahedral assembly. P1 is the main structural 
element of the PX, 60 asymmetric dimmers of this protein organize the dodecahedral 
assembly in phi 6 (Huiskonen et al., 2006).  P1 is asymmetric dimer which organizes as an 
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inner T = 1 shell (Figure 5).  The density of P1 accounts for 80% of the PC shell density 
(Bucher et,al.2006).  In cystoviruses and in reoviruses, three proteins P2, P4 and P7 are 
RNA portal complexes work together and coordinate the viral RNA packaging and 
replication.   
 The phi 6 P2 (RNA-directed RNA polymerase) has been isolated and was tested for 
any inherent replicate activity. It was found that P2 exhibits an ability to elongate, replicate 
and produce double stranded RNA from single stranded RNA in vitro (Makeyev and 
Bamford, 2000). The P2 polymerase subunits likely translate to the 5 fold axis upon RNA 
packaging and PX expansion. 
 Protein, P4 displays NTPase activity that powers the (+) ssRNA packaging reaction 
(Frilander and Bamford,1995). The cystoviruses require energy to package their own 
mRNA and it can be done only by one protein P4 (P.Gottlieb,1992). One of the research 
models by Leonard Mindich showed that packaging can be maintained in procapsids that 
are deficient in the P4 particles. If particles that are completely missing P4 do not package 
RNA and do not form and function of the entry portals since the NTPase activity is 
necessary for packaging. This protein of phi 6, forms hexameric rings (Juuti J T.,1998) 
which is assembled on each of the 12 5 fold axis on the procapsid, forming a symmetry 
mismatch (Juuti J T.,1998 and F.de Haas, 2006).  
 A fourth protein, P7 dimer, is essential for packaging and assembly and viability 
(Nemecek D.,2012). With a use of cryo-electron microscopy to identify the localization of 
P7, it was shows to reside on the interior surface of the P1 shell (A.Katz,2012). With cryo-
images, the role of P7 was analyzed that binding sites are arranged around the 3-fold axes, 
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between two P1 subunits. With single particle reconstruction with virus phi 12, it was 
suggested that P7 dimer was localized at the 5 fold axis portal surrounding the P4 NTPase.  
Thus, P7 could stabilize and enhance the procapsid (PX) initial complex through the 
interaction with other PX particles during RNA replicaton. 
 
Packaging 
 The cystoviruses are of great utility in study of Reoviridae family.  By studying phi 6 
virus, we can gain further mechanistic understanding and clarification of Reoviridae 
packaging. The procapsid (PX) particles assemble and work together for vRNA packaging 
and replication in cystoviruses and analogous Reoviruse. The RNA from the phi 6, 
cystoviruses packaging relies on sequences that are found at the 5’ ends strands. These 
packaging sequences (pac) are about 200 nucleotides in length and bind to procapsid 
binding sites (figure 4). In phi 6, the sequences at the 5′ end are necessary for packaging 
while specific sequences at the 3′ end are necessary for polymerase recognition.  Phi 6 will 
package only RNA that contains pac sequences for that bacteriophage. In the reoviruses, 
particles have about 130 nucleotides at the 5’ end and around 180 nucleotides at the 3’.  In 
the reoviruses, 3’end is necessary for vRNA replication.  
 Procapsid (PX) packaging happens in 5’ to 3’ direction.  The replication signal is at 
the 3’ end. First pc particles package viral plus strands into the particle and next synthesize 
minus strands inside the procapsid, using the packaged plus strand as a template, 
developing the complete dsRNA genome (P.Gottlieb et al.,1991,1992b,Frilander et 
al.,1992).  There is an order of packaging into the procapsid, (figure 3) L segment plus 
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strand is enhanced by M segment plus strand and packaging of M is enhanced by s segment 
plus strand.  Based on all the assembly/packaging models it has been proposed that 
procapsid shows binding sites only for the plus S segment strand.  The binding sites are 
positioned at the 5′ end of the plus strand at an entry portal.  As soon as S is fully packaged, 
the particle expands and the binding sites for S disappear and those for M appear.  After M 
complete fully packaging, the binding sites for M disappear and L binding site appear. After 
the packaging of segment L, it leads to further expansion and minus-strand synthesis 
activation.  Once minus-strand synthesis is complete, the particle is expanded and RNA 
within the procapsid is doubled and the switch is activated to start transcription.  
Transcription. 
 When phi 6 enters the host cell, the P8 matrix is destabilizes and disassembles and 
transcriptionally active core particle is delivered into the cytoplasm (Bamford et al., 1976). 
The packaged plus and minus RNA when replicated inside the PX to yield genomic dsRNA 
(Frilander et al., 1992;Gottlieb et al., 1991). As it was mentioned earlier, proteins P2 and P4 
mediate the genomic transcription. The genome is organized in a way that all polymerase 
functions are located on  the genes incorporated into  L+ segment,  the genes for the 
attachment proteins are incorporated on the  M segment , and the genes for the 
nucleocapsid shell (P8), the lytic endopeptidase, and the membrane assembly 
nonstructural protein are incorporated into genomic segment S. All the three genomic 
segments are different from each other in their transcription activities and L segment is 
differs from S and M at the initiation site (at the penultimate position).  L transcripts always 
start with GU while S segment and M start with GG.  Since L segment + RNA is produced in a 
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low amounts than plus S and plus M during late phase transcription, it was believed that 
this difference at the initiation site determined this change in transcription patterns. It has 
since been shown that transcription from the L segment can increase when the penultimate 
nucleotide is changed to that of S and M at the initiation site (Frilander et al., 1995). S and 
M segments always transcribed without addition factors included but L segment gets 
transcribed with requirement of binding to protein P1. Replication happens inside the 
assembled procapsid (PX) after all the segments have been packaged, converting (+) ssRNA 
into dsRNA (Gottlieb et al., 1990).  
 
 
Comparison between phi 6and Reoviridae. 
 Cystoviridae φ 6 virus closely related to Reoviridae families by sharing similar inner 
core , carrying 120 molecules of the procapsid protein (Caston J R,1997). In phi 6 and 
reoviridae, encoded enzymes have very similar action of replicating the genome and 
synthesizing transcripts (Poranen,2004, Taraporewala,2004). In reoviruses pathway 
genome replication and packaging proceed concurrently (Taraporewala,2004) while in 
Cystoviridae phi 6, closed procapsid assembles (Mindich,2004),  and small, medium and 
large plus ssRNA segments of the viral genome are packaged sequentially.  Bacteriophage 
phi 6 genome made up of three segments of double-stranded RNA (dsRNA) (Semancik J 







 For the Cystovirus phi 6, the genomic and protein sequence for the S, M and L 
segments have been analyzed and compared to the other Cystoviridae (Gottlieb et al., 
2002a; Gottlieb et al., 2002b). Therefore the goal of my thesis was to investigate structural 
transformations of the φ6 procapsid particles P1, P2,P4 and P7 and their polymerase 
conformation changes in relation to expansion.  It is known that the occupancy of P4 
hexamer is crucial for packaging procapsid particles. Thus we investigated the effects of 
biochemically expanded procapsid on occupancy of P4 protein. More P4 destabilized at the 
expansion of the procapsid. 
  
 
Materials and Methods. 
 
Preparation of ϕ6 procapsids 
Procapsids were produced in Escherichia coli strain using the high copy plasmid 
pLM687 to co-express P1, P2, P4 and P7 in copy numbers similar to that of intact virions in 
its natural host 100 ng of pLM687 was used for transformation of XL1-blue competent 
cells. Single colony of transformed cells was 
overnight at 37oC.  1 grown colony was used as inoculums for 150 ml of LB media (no 
antibiotic). Cells were growing overnight at 27oC, then induced with 150 
stock solution) and continue to grow for 5 h at 27oC. Cells were centrifuged at 7,000 rpm 
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for 20 min. SN – discarded, pellet – frozen at -80oC. Samples were harvested by using flat-
tip sonicator with 30% power, 5 sec. ON; 10 sec. OFF, during 5 min. Sonication was 
performed on ice. Cell debris was removed by centrifugation at 13,000 rpm for 30 min 
(rotor SS-34). SN was collected, pellet – discarded. Load 1.8 ml of SN to 8 ml of 10% - 30% 
sucrose gradient in buffer ACN and spin down at 25,000 rpm for 1h. 45 min at 10oC. For 
Tweenr20 treated sample 2 distinct bands were observed – upper one was very narrow 
and dense (probably lipids and polysaccharides) and lower one – broad (px particles). For 
untreated sample only one band was observed. 20 drops fractions were collected and 
studied by using 12% SDS-PAGE gel. Fig. 12 shows images of SDS-PAGE for all four 
samples. Combined bands (see picture legend) were diluted with ACN buffer and 
concentrated by centrifugation at 33,000 rpm for 1.5 h. SN was discarded, pellet re-
suspended in buffer A (10 mM potassium phosphate, 1 mM MgCl2, pH 8.0). Samples, both 
Tweenr20 treated and non-treated were diluted 1:4 with buffer A and stained with UAc for 
negative stain TEM images. Fig. 13 shows the negative stained images of px particles. 
Samples 5 and 6 were thawed on ice and  re-suspended in 10 ml of buffer FBi, then spun 
dawn at 7,000 rpm for 20 min. SN was decanted, pellet re-suspended in 3 ml of buffer FB. 
Suspensions were subjected to sonication under following conditions: power 30%, 5 min 
sonication time, 5 s. ON,. 10s. OFF, flat tip. Sonication was performed on ice. 3 ml of buffer 
FB2ii was added to sonicated sample. The mix was incubated for 5 min at 30oC (until the 
solution warmed up) and spun down at 2,000 rpm for 10 min. at 27oC (or room 
temperature). Two phases were formed – upper one – transparent phase, containing 
water-soluble proteins and px particles and bottom one – very dense non-transparent , 
which contained lipids. Top phase was collected and 1.5 ml was loaded to 5%-20% sucrose 
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gradient in buffer FB, and spun down at 25,000 prm for 1.5 h at 15oC. The broad (~1.5 cm 
wide) band was observed after the spin. The band was collected with a pipette, diluted with 
buffer FB 2 times and the px particles were spun down at 33,000 rpm for 2h at 4oC (fixed 
angle rotor T1270). SN was decanted and 200 ml of buffer FB was added. Pellet was soaked 
overnight at 4oC, and then re-suspended. One tube (total 3) was aliquoted (25 ul) and 
stored at -80oC. Two others were briefly spun at 13,000 prm for 1 min at bench-top 
centrifuge. The SN was transferred to a second Eppendorf tube, and pellet re-suspended in 
-
er) 
(see Fig. 14). 





Two-dimensional gel electrophoresis. 
 To determine isoelectric point for the 2D-gel electrophoresis, we separated the four 
PX proteins by two-dimensional (2D) gel electrophoresis. In the first dimension, isoelectric 
focusing creates pH gradient, this separates P1,P2,P4 and P7 proteins by their electrical 
charge (it would be immobilized at this point pI0); in the second dimension  it creates 
redistribution according to their size. To separate the proteins by isoelectric point (pl) in 
the first dimension, first four samples were placed in gel with pH 3.0 and pH 10 gradient 
for 15 minutes at 200V and electric potential was applied across the gel, making one end 
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more positive than the other. If any of the four proteins are positively charged, they will be 
shifted towards the more negative end of the gel and if they are negatively charged they 
will be pulled to the more positive end of the gel. Another 4 hours, sample was solubilized 
and denatured with SDS-PAGE running buffer. After denaturalizing, sample was mixed with 
2D protein ladder. In the second-dimension, 12% SDS-polyacrylamide gel electrophoresis 
at 100 V was used to separate P1, P2, P4 and P7 proteins according to their molecular 
weights (MW).  
  
Tris buffer PH 6.5 and PH 8.0 sample preparation. 
 Open and closed procapsid particles were produced and purified. One tube of 
procapsid proteins were sedimented at 25,000 × g for overnight at 7 Celsius through a 6-to-
20% (wt/vol) sucrose gradient prepared with FB buffer and pH6.5(Beckman SW40-Ti 
rotor in a Beckman L7-55 Centrifuge).  Second tube of procapsid was sedimented at 25,000 
× g for overnight through a 6-to-20% (wt/vol) sucrose gradient prepared with FB buffer 
(ph6.5,20mM Tris-HCL,150mM NaCL) and pH 8.0 (Beckman SW40-Ti rotor in a Beckman 
L7-55 Centrifuge).  The sucrose solution used for the gradient were prepared with ph8.0 
(ph6.5,20mM Tris-HCL,150mM NaCL) and with ph 6.5 (20mM Tris-HCL,ph6.5,150mM 
NACL). To adjust the ph to 6.5 or 8.0 we added enough hydrogen chloride and took 
measurement by using (CORNING pH meter 430).  After the Sedimentation, fractions of the 
gradients on both samples (ph 6.5 and ph 8.0) were collected in 0.5 mL aliquots (using a 
Rainin Dynamax Peristaltic Pump in tandem with a Bio-Rad Model 2110 Fraction collector) 
for particle purification. The 12% SDS-PAGE gel was run and relative changes of P4 
15 
 
concentration were determined by using P4/P1 band color intensity. We combined 4 
fractions of PH8.0 samples and separately 4 tubes of ph 6.5. Sucrose was removed from the 
PC samples by dialysis in Buffer FB pH 8.0 and FB pH 6.5 and concentrated by Amicon 
Cutoff Filter. We performed this procedure 5 times for a higher concentration. 
Supernatants were discarded.  
All the purified samples were analyzed by taking 25ul of each fraction and running 
them on 12% denaturing acrylamide gradient gels according to standard procedures.  
Following electrophoresis, the gel was stained with Coomassie Brilliant Blue, allowing 
visualization of the separated four protein bands P1 ,P2, P4 and P7 of  the PX.  After 
staining, four proteins appeared as distinct bands within the gel. SDS Page was done for ph 
6.5 and separately for ph 8.0 
EM and image reconstruction. 
 Samples for negative-stain transmission Electron Microscopy were prepared at 0.5 
mg/ml. A 5 μl of sample was deposited on a holey copper grid with a continuous carbon 
layer and incubated for 1 minute; excess amount of the solution was removed by blotting 
with a filter paper. Staining was performed using 20 ul -1% uranyl-acetate solutions and 







Single Particle and Tomography Reconstruction 
Only isolated, unexpanded particles were included in the reconstructions. A typical 
projection image expressed expanded and unexpanded PCs. Scanned micrographs were 
converted to MRC format and particle coordinates were selected in IMOD . Averaged power 
spectra were generated for each micrograph using SPIDER and inspected to screen for 
astigmatism and drift. Deficient micrographs were excluded from further processing. CTF 
parameters were calculated using CTFFIND3 . Boxed particles were converted to PIF 
format and preprocessed for normalization, linear gradient and blemish removal, using the 
RobEM program in the AUTO3DEM package. Initial models were created using the random 
model method and refined with AUTO3DEM . Resolutions for each map were determined 
by Fourier Shell Correlation (FSC). 
Prepared PX from pLM687 were placed onto Quantifoil grids and plunge-frozen in liquid 
ethane. Images were recorded either on a Tecnai F20 electron microscope operating at 200 
kV. Images were collected at a set magnification of 25k and 8 μm underfocus. Images 
recorded on the Tecnai were collected on a 4k× 4k CCD camera (TVIPS) set to 2× binning, 
giving an effective pixel size of 7 Å. Tilt series on microscope were recorded using the 
SerialEM program (Mastronarde, 2005) at specimen angles between ±65° with 2° steps 
according to the Saxton scheme (Saxton et al., 1984). The total specimen dose was limited 





Results and Discussion. 
 Preparation of PX and analyzing protein particles using SDS-PAGE. 
 To obtain a representation of an open and closed capsid with relation to P4, we first 
produced procapsid (PX) using the plasmid pLM687 (Shiroh O.,1998) to express protein 
P1, P2, P4 and P7 . The capsid purified proteins were analyzed using Sodium-Dodecyl 
Sulfate poly acrylamide gel electrophoresis (SDS-PAGE) (Eugeny V.,2000). The first lane 
from the left reveals the whole virion and the other four lanes show the particles produced 
by pLM687 constructs.  Throughout this work, we used pLM687 complex containing four 
proteins P1,P2, P4 and P7.  
Effects of pHs on protein using Coomasse Blue stained gels.  
  The goal of the present study was to determine the stability of P4 on the expended 
and unexpended PX. In this investigation the structural transformations of the φ6 
procapsid particles P1, P2,P4 and P7 and their polymerase conformation changes in 
relation to expansion.  I investigated the conformation on occupancy of P4 protein in 
procapsid. In previous studies, procapsid expansion was investigated by acidification, 
heating, and elevated salt concentration (Mindich L.,2011). This motivated me to seek pH 
6.5 and pH 8.0 conditions under which PX conformation changes. I established the same pH 
based procedure in this laboratory as an agent that lowering the pH was causing 
dissociation of the P4, all 4 procapsid proteins were analyzed by sucrose gradient prepared 
with pH 6.5 centrifugation and sucrose gradient prepared with pH 8.0 centrifugation. For 
this part of the experiments after both samples were sedimented through a sucrose 
18 
 
gradient and fractioned, examined for the presence of visible refracting bands. Figure 7B., 
shows the sedimentation of the P1,P2,P4 and P7 produced from pLM687 at pH 6.5.  This is 
compared to the sedimentation on Figure 7A.,of the same P1,P2,P4 and P7 P4 at pH 8.0. 
Sedimentation analysis of low pH-treated sample, show viral proteins reduced in amount 
and P4 band was not visible in contrast to sample in pH8.0. Figure 4, φ6 procapsid 
(polymerase complex) proteins are indicated to the left of the panels, sedimentation is from 
left to right. We can clearly see single bands of P1 on top, P2 right under P1, P4 in the 
middle and near the bottom P7 of the pH 8.0 gradients.  But in neither lanes of Figure 7B., 
band of P4,P7 could not be visible on the pH 6.5 gradients.  In lower pH, P4 probably gets 
degraded or did not show sufficiently. Both Gels showed a P1 structure holds the same 
sedimentation rate at ph 6.5 and ph 8.0. 
 The acidification led to expansion of pLM687 procapsid and all 4 proteins 
appeared lower in densities, some particles were almost not visible and some still stayed 
attached.  To obtain images representation of the fully expanded procapsids treated with 
pH6.5 and images of procapsid under pH 8.0 for comparison we used FORMVAR CARBON 
FILM grids and covered them with a procapsid (PX) of both samples and applied ul -1% 
uranyl-acetate solutions and blotted dry.  
The phi 6 procapsid structured from only 4 proteins. It was tested before that it is 
possible to assemble procapsid without P2 or P7 ( Casini G,1994).  A procapsid missing P2 
protein, can package RNA with very low efficiency.  A procapsid missing P7 can package 
RNA. Procapsid will never form without P1, because it is a framework of procaspid. 
Procapsid missing P4 NTPASE do not package RNA and goal of our work was to show that 
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P4 NTPASE activity plays a crucial role in packaging. Genetically engineered procapsid (PX) 
have allowed us to understand the functions of P4 in relation to 3 other proteins. P4 is a 
hexameric NTPase responsible for the plus-strand RNA packaging (Gottlieb et al., 1992a; 
Paatero et al., 1995; Frilander and Bamford, 1995; Juuti et al., 1998; Paatero et al., 1998).    
Transmission Electron Microscopy Images of PX treated with pH 6.5 and pH 8.0. 
It has been proposed bacteriophage phi 6 has an order for packaging. The small segment 
binds to the outer shell of the procapsid following packaging by the P4 motor, procapsid 
starts to expand. The binding site for the medium segment gets exposed. The m segment is 
then packaged, leading to the l segment to bind and be packaged and further expansion. 
This model gave us motivation to seek change in procapsids expansion with pH 6.5 and 
examine difference at procapsid in pH 8.0. To observe changes in pH 6.5 and pH 8.0, 
negative-staining electron microscopy was used. 
 Procapsid samples were picked from several micrographs that were collected from 
different parts of the grid. Preparations of pLM687 procapsid in pH 6.5 showed 
subpopulation of expanded, diluted and spread out procapsids (presented in Figure 6B). All 
four grids covered with the first sample of procapsid prepared in pH 6.5 were expanded, 
scattered and a lot of broken particles. Next image of the NC disassembled of the P8 matrix.  
The Ca2+ was removed and the P8 disassembled.  There is a complete absence of dsRNA.  
Therefore P8 stabilizes the structure.  This is a projection image but note that there is no P4 
evident (Wei H. ,2013)  And expended structure looks identical to our expanded PX. 
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  Next, we examined the effects of pH 8.0 on the second sample of plm687 procapsid.  
The procapsid sample was unexpanded at pH 8.0 (Figure 6A).  Image show all the 
unexpanded procapsids look indistinguishable.   
 
 Isoelectric Point 
To determine isoelectric point we used software Gene runner 
(http://www.generunner.net/) 






When we change the pH, we change the charge of the protein. In pH 6.5, proteins 
had net positive charge and with pH 8.0 proteins had a net negative charge.  In 
experiment we see when electrostatic interaction (repulsion) occurs between 
negatively charged protein-binding domains in the PX, proteins move apart and PX 




pH 6.5 pH 8.0 




-Net charge predicted at pH 6.5 and pH 8.0 
pLm687 complex containing four proteins P1,P2, P4 and P7  were run on electrophoresis 
gel with pH  buffer (pH 10 to 3.0) and then plotted on graph. The results in (figure 8) 
indicate that these parameters depend on a change in a pH fluctuation. The isoelectric point 
technique was critical for us to characterize the function and interaction of the proteins of 
interest which were P1, P2, P4 and P7. In general terms and from previous scientific work 
done by our lab, it was known that as the pH buffer of a solution increases, expansion of PX 
occurs. By looking at the graph, we have noted that when proteins were run on a buffer 
with a lower pH (6.5) the net charge on the molecule was affected and proteins resulted in 
positive charge.  When proteins were run in a buffer pH 8.0 (above isolelectric point), 
giving proteins a net negative charge. 
 Figure 8 shows the results of the IEF of the pLM687 proteins.  
The pI of the 4 proteins was a broad band of 4.0 to 7.0(Fig.8). We determined possible 
effect of our viral isoelectric point shift at various pH conditions.  As mentioned earlier, we 
mainly focused on reaction at pH 6.5 and at pH 8.0.   By looking at the gel, we can see that 
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P4 hexamer gets disassembled from P1 shell at pH 6.5. P4 does not make contact with the 
P1 shell. Our gel shows that P4 hexamer is not running along with P1. 
Tomography and Single particle reconstruction. 
 Three-dimensional images were created by single particle reconstruction of 
expanded and unexpanded PX and cryo-electron tomography field of spread out PX in 
different orientations. By looking at the tomography <100images of PX, it clearly reveals 
that expanded PX missing P4 in a comparison to unexpended PX. P4 appears to be in 
contact with the P1 inner shell and may project into it. Tomogram images and SDS-PAGE 
confirm that P4 normally occupy portals when PX is unexpended. Black arrow shows P4 in 
unexpended PX and red arrow shows significantly reduced P4 in expanded PX. Location of 
P4 was determined by tomography but because tomography can be noise we went a step 
further by extracting two dimensional images of PX in different orientations, combining 
them together to generate a three dimensional model.  
 In single particle reconstruction, images show that P4 appears to be loosely 
connected to PX (figure 9A-B). Our images show that P4 hexamer indeed is connected from 
every single side to P1 shell.  Our next single particle reconstruction image represents P1 







 Cystoviridae and Reoviridae are believed to share a common ancestral origin 
(Hendix,1999).  Both of them share similar structures composed of 3 layers and both have 
dsRNA. These viruses have inner capsid that is important for replication, transcription and 
outer layer involved in the host cell interaction. Cystoviridae has been a great model to 
study RNA packaging and replication system and can provide a great amount of 
information for research regarding other related viruses such as Reoviridae (Patton and 
Spencer,2000).  Reoviridae and Cystoviridae have similarities in the structure of the 
packaging portal and they both share a symmetry mismatch between interacting proteins 
at these portals. 
 I have prepared and used reconstructed phi 6 procapsid assembled with all four 
proteins: P1, P2, P4 and P7. All of these four proteins are associated with the dodecahedral 
procapsid formed by P1.  By constructing a recombinant procapsid, it allowed me to 
investigate occupancy of P4 and other 3 proteins in procapsid. I have used SDS-
polyacrylamide gels and Transmission Electron Microscopy to explore the induced 
expansion by acidification and unexpansion of procapsid.  The observation of P4 in 
procapsid in two intermediates (PH 6.5 and PH 8.0) supported by the image analysis that 
P4 NTPase is important during packaging.  
P4 is visible on SDS/polyacrylamide gels of the analysis gradient fractions in pH 8.0. 
With a pH8.0 our pLM687 gradient fractions showed clear and expected amount of P1band, 
P2, P4 and P7.  We compared the sedimentation with pH8.0 to sedimentation with pH6.5 
and what appears that pH 6.5 reduced the level of P4. Our P1 and P2 exhibited the same 
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amount as they did in pH8.0. But concentration of P4 and P7 was not easily visualized in 
our SDS-PAGE gels. 
 Hence we reasoned by our assays that P4 is less stable on a PX as evidenced by its 
low occupancy.  We think that may be decreased availability of P4 results in the inability 
for the phi 6 virus to package RNA.  P1 structure requires the interaction with P4 protein 
and P7 for a successful packaging and replication.  
  By comparing the intensities of the of the P7, P4 and P2 bands in two different pHs 
(6.5 and8.0) furthermore, we decided to look at the changed of pLM 687 procapsid using 
the Transmission Electron Microscopy. It is already known that during acidification of φ6 
procapsid expands and P4 gets unstable. If procapsid (PX) is missing P4, it is poorly formed 
and unstable (Ewen, M. E.,1990). Preliminary experiments done in different laboratories 
indicate that throughout the packaging process, the P4 NTPase has to be bound to the outer 
surface at the 5-fold vertices (Juuti et al., 1998; de Haas et al., 1999), otherwise we see a 
incomplete PX.  Our Transmission Electron Microscopy (TEM) images show that procapsids 
in pH 6.5 were expended and many of them were broken.  TEM images of procapsid in pH 
8.0 were unexpanded and spread out.    
To better define the expansion mechanism to see occupancy, my next step was to 
use tomography and single particle reconstruction in P4 when PX expanded and 
unexpended. Single particle reconstruction images show all portals symmetrically 
averaged. We saw from all the taken images that P4 is loosely connected with PX when it is 
unexpended but drastically gets displaced when PX is expanded.  We do not know the 
nature of it but we do know that P4 has to stay and package RNA before disappearing and 
leaving empty portals. 
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Figure 2: The φ6 replication program begins with attachment to its Gram-negative host 
cell  P. syringae,  multimeric P3 complex adsorbs first to a type IV pilus. Following the pilus 
retraction, P6 fuses the viral membrane with the outer membrane of the host. The phage 
NC enters the periplasmic space of the host cell. Protein P5 is a phage specific lytic enzyme 
localized on the outside of the nucleocapsid digests the peptidoglycan cell wall allowing the 
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NC to come in contact with the cytoplasmic membrane.  The nucleocapsid shell of protein 
P8 is removed, leaving the transcriptionally active PX to begin transcribe copies of the 
three genomic segments (ds RNA) via a semi-conservative mechanism.  
 
Figure 3:  All the three genomic segments are different from each other in their 
transcription activities and L segment is differs from S and M at the initiation site (at the 
penultimate position).  L transcripts always start with GU while S segment and M start with 
GG.  Since L segment + RNA is produced in a low amounts than plus S and plus M during 
late phase transcription, it was believed that this difference at the initiation site determined 
this change in transcription patterns. S and M segments always transcribed without 
addition factors included but L segment gets transcribed with requirement of binding to 
protein P1. According to a model s segment binds to the outer surface of the procapsid, 
which is then packaged by the P4 motor, when s segment is packaged it exposes the 
binding site for the m segment. When m segment is packaged, it leads to expansion that 




Figure 4: Phi6 initially produce mainly plus-sense RNA copies. RNA packaging relies on 
sequences that are found at the 5’ ends stands. These packaging sequences (pac) bind to procapsid 









Figure 5: P1 is the main structural 
element of the PX, 60 asymmetric 
dimmers of this protein organize the 
dodecahedral assembly in phi 6.  
P1 is asymmetric dimer which 
organizes as an inner T = 1 shell. The 
density of P1 accounts for 80% of 
the PC shell density. In cystoviruses and 
in reoviruses, three proteins P2, P4 and P7 are RNA portal complexes work together and 














Figure 6A: Transmission Electron Microscopy Images of PX treated with pH 8.0: We 
observed no expension at pH 8.0. Procapsids were not expended, diluted and spread out. 





  B 
     C 
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Figure 6B: Transmission Electron Microscopy Images of PX treated with pH 6.5: Procapsid 
supopulation open with a lot of broken particles. 








Figure 7A: SDS-PAGE analysis of the analysis gradient fractions. Product of Plm 687 







Expected amount of P1, P2, P7. P4 band usually underrepresented in the recombinant 
particles but seems to be closest to the expected amount.  Lane 1 shows the sample of the 





Figure 7B: Coomassie blue-stained SDS-PAGE of the product of plm687 in pH 6.5.  Lane 1 
shows the sample of the whole virion and represents the position of the phi 6 proteins. The 
acidification led to expansion of pLM687 procapsid and some of these proteins remain 







almost not visible . P2 band indicates that it still continues to interact with P1. With 





Figure 7C: The occupancy of P4 and P1 was estimated from their respective densities using 
the highest density region of the P1 shell as 100% occupancy and the background as 0% 





Figure 8: 2-D electrophoresis protein ladder. To determine the isoelectric points of 
unknown proteins the pH of focused bands may be measured on the gel using a surface 
electrode. Quite common is the pI-determination via coelectrophoresis of known protein 
marker mixtures. By simply comparing the position of unknown protein bands to the 
position of known marker proteins the pI-values can be interpolated quite accurately. 5 ul 
of 2D marker were separated with a mixture of pH 3-10 and then separated on a 12 % SDS-












Figure 9A-B: Single Particles Reconstruction Images show P4 is loosely connected with PX 
when it is unexpended.  
 




Figure 10: Tomography and single particle reconstruction represents changes in P4 when 
PX expanded and unexpended. In figure A ,it is noted that the P4 density is significantly 
  A      B 
     C   D 
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reduced in expanded procapsid. Figure B-D clearly shows P4 hexamer appears to be in 
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